Cell penetrating peptides (CPPs) can cross cell membranes in a receptor independent manner and transport cargo molecules inside cells. These peptides can internalize through two independent routes: energy dependent endocytosis and energy independent translocation across the membrane, but the exact mechanisms are still unknown. The interaction of the CPP with different membrane components is certainly a preliminary key point that triggers internalization, such as the interaction with lipids to lead to the translocation process. In this study, we used two arginine-rich peptides, RW9 (RRWWRRWRR-NH 2 ), which is a potent CPP, and RL9 (RRLLRRLRR-NH 2 ) that, although binding tightly and accumulating on membranes, does not enter into cells. Using a set of experimental and theoretical techniques, we studied the binding, insertion and orientation of the peptides into different model membranes as well as the subsequent membrane reorganization. Herein we show that although the two peptides had rather similar behavior regarding lipid membrane interaction, subtle differences were found concerning the depth of peptide insertion, effect on the lipid chain ordering and kinetics of peptide insertion in the membrane, which altogether might explain their different cell internalization capacities. Molecular dynamics simulation studies show that some peptide molecules flipped their orientation over the course of the simulation such that the hydrophobic residues penetrated deeper in the lipid core region while Arg-residues maintained H-bonds with the lipid headgroups, serving as a molecular hinge in a conformation that appeared to correspond to the equilibrium one.
Introduction
Since their discovery in the 1990s, cell penetrating peptides (CPPs) have attracted much attention. These peptides have the ability to cross the cell membrane in a receptor-independent fashion and can be used as transporters to shuttle bioactive molecules inside cells [1] . Despite extensive research in the field, little is known about the uptake mechanisms of these peptides. The first two identified CPPs, penetratin and Tat, were shown to cross the cell membrane at 37°C and 4°C, suggesting a temperature independent mechanism [2, 3] . The first direct translocation mechanism was proposed for penetratin and is based on the formation of an inverted micelle in the cell membrane, allowing the peptide to translocate across the lipid bilayer [4] . Endocytosis was later suggested as an alternative internalization pathway [5] . It is now thought that endocytosis and direct translocation are two coexisting pathways. CPPs can use either or both to enter cells and the balance between the two mechanisms is highly dependent on the experimental conditions [6] . In what concerns their membrane translocation capabilities, contrarily to other class of membrane active peptides, such as antimicrobial peptides, CPPs do not seem to translocate by pore formation or by a detergent effect but rather by a less aggressive membrane perturbation.
In this study, we chose to investigate the interactions of two nine residues arginine-rich peptide sequences (RL9 and RW9) with model lipid membranes. RL9 (RRLLRRLRR-NH 2 ) and RW9 (RRWWRRWRR-NH 2 ) derive from the 16-mers RL16 (RRLRRLLRRLLRRLRR-NH 2 ) and RW16 (RRWRRWWRRWWRRWRR-NH 2 ) peptides respectively and share a common secondary amphipathic structure. These two sequences were designed from a structure/function study of penetratin [7] and RW9 was shown to be a potent CPP [8] [9] [10] . In previous studies, we showed that RW9 is efficiently internalized into wild type and glycosaminoglycan-deficient Chinese Hamster Ovary cells at 37°C and 4°C. The fact that RW9 crosses the cell membrane not only at 37°C (where both endocytosis and direct translocation mechanisms can occur) but also at 4°C (endocytosis is essentially blocked at this temperature) indicates that the peptide can cross the membrane by a receptor-independent and energy-independent mechanism [11] . On the other hand, RL9 was not internalized though it was able to bind to the cell membrane [11] . Calorimetric studies showed that both peptides interacted preferably with negatively charged lipids and that RW9 and RL9, to a lesser extent, were able to perturb the main phase transition. Also, the peptides were found unstructured in buffer or in the presence of zwitterionic lipid vesicles, but became helical in the presence of negatively charged lipids [11] .
From this point, we wanted to further investigate the interactions between the different peptides and membranes in an attempt to understand their distinct cell uptake properties. More specifically, the aspects concerning peptide insertion into membranes and subsequent lipid reorganization appeared of particular interest to us. Even if this information cannot be directly translated into a mechanism of action it can provide good starting points to delineate it. For this purpose, several complementary techniques were used and different lipid model systems were employed. As for the composition of the lipid model systems used herein, we have decided to use a mixture of anionic and zwitterionic lipids. Although, eukaryotic membranes are mainly composed of zwitterionic lipids in their external leaflet, a small percentage of anionic lipids are also present. The role of these anionic lipids may gain importance if the peptide leads to the lateral segregation of anionic lipids in domains as reported by us [12] . Additionally, the external layer of eukaryotic cells possesses a high level of negative charges due to the presence of glycosaminoglycans thus an electrostatic recognition between the peptides and the membrane is important. Finally, once taken up into cells the CPPs may have to bind and cross membranes of different compositions when entering or exiting the different intracellular organelles where the presence of anionic lipids gains interest. Peptide insertion was probed by surface pressure measurements at a water/air interface with a lipid monolayer, NMR experiments in micellar environment in the presence of a paramagnetic hydrophilic probe and molecular dynamics (MD) simulations while peptide-induced lipid reorganization was monitored by Imaging Ellipsometry and Attenuated Total Reflectance Infrared Spectroscopy (ATR-FTIR). We show here that both peptides bound to negatively charged lipid vesicles and that this binding involves mainly hydrophobic contributions. Peptides bound to the membrane with a parallel orientation with the residues in the middle of the sequence being more deeply inserted than those in the N-and C-terminal, deeper insertion was seen in anionic lipid models vs zwitterionic ones and with RL9 as compared to RW9. MD simulation studies showed that, initially, hydrogen bonds between Arg side chains and lipid phosphate groups oriented the arginine rich face of the peptides toward the lipids, and that subsequently some peptide molecules were able to flip, so that the hydrophobic face of the peptide became immersed in the lipid fatty acid chain region. Comparison of the paramagnetic relaxation enhancement values obtained by NMR and MD simulation indicated that this peptide orientation corresponded to the equilibrium one and it was stable for the rest of the simulations. The kinetics of peptide insertion in the membrane was much faster for RW9 than RL9. Regarding lipid chain ordering, ATR-FTIR studies showed that RW9 decreases lipid chain ordering and promoted lipid hydration while RL9 increased chain ordering and led to lipid dehydration. It thus seems that although both peptides share many similarities regarding their membrane interaction mode, the marked differences in terms of their cell internalization properties must come from the subtle differences reported herein.
Materials and methods

Materials
The glycerophospholipids 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC), 1,2-dimyristoyl-sn-glycero-3-phosphatidylglycerol (DMPG), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) were obtained as a powder from Genzyme (Liestal, Switzerland). SDS-d25 and DPC-d38 were obtained from Eurisotop (Saint-Aubin, France) and Gd(DPTA-BMA) from GE Healthcare. Biot(O 2 )-Apa-RL9 and Biot(O 2 )-Apa-RW9 were purchased from PolyPeptide Laboratories (Strasbourg, France).
Liposome preparation
To prepare large unilamellar vesicles (LUVs), lipid films were formed by dissolving the appropriate amounts of lipids into chloroform/methanol (2/1 vol/vol). The solvent was then evaporated under a N 2 flow to deposit the lipids as a film on the wall of a test tube. Final traces of solvent were removed in a vacuum chamber during 2-3 h. Films were then hydrated by addition of the appropriate amount of buffer (10 mM Tris, 100 mM NaCl, 2 mM EDTA, pH 7.5) and vortexed extensively. The multilamellar vesicles (MLVs) thus obtained were then submitted to five freeze/thawing cycles and the homogenous lipid suspension was passed 15 times through a mini extruder (Avanti Lipids, Alabaster, AL) equipped with two stacked 100 nm polycarbonate membranes above the phase transition temperature of the lipids. To prepare small unilamellar vesicles (SUVs) the MLVs prepared as described above were sonicated using a Vibracell 75022 device (Bioblock Scientific, Illkirch, France), P max = 130 W during 30 min (60% of energy, 6 pulses per 10 s).
Surface pressure measurements and Imaging Ellipsometry
Monolayer experiments were performed in a Teflon circular Langmuir trough (V = 12 mL, Ø = 6.5 cm). The surface pressure was measured with the Wilhelmy method using a filter paper plate. All the experiments were performed at 27 ± 2°C. The trough was filled with 20 mM Tris, 150 mM NaCl, pH 7.5 buffer. Monolayers were obtained by depositing few μL of a lipid mixture (DMPC in chloroform or DMPC/DMPG 4/1 in chloroform/methanol 2/1) at the air/buffer interface until the surface pressure reached a value between 25 and 28 mN/m. A few μL of each peptide in the same buffer solution were then injected under the monolayer into the subphase and the surface pressure was monitored continuously.
At the same time, the morphology of the interface was observed using an Imaging Ellipsometer (NFT iElli-2000, Göttingen, Germany) mounted on the Langmuir trough. The instrument was equipped with a frequency-doubled Nd:Yag laser (532 nm, 50 mW), a polarizer, a compensator, an analyzer and a CCD camera. The spatial resolution of the instrument was~2 μm and the image size 570 × 450 μm with 10 × lens used. In these conditions, the variation of the delta ellipsometer angle (Δ) is directly proportional to the thickness of the layer.
Isothermal titration calorimetry (ITC) experiments
ITC experiments were performed on a TA Instrument (New Castle, DE) nano ITC calorimeter. To avoid air bubbles, peptide and LUV solutions were degassed under vacuum before use. Titrations were performed by injecting 10 μL aliquots of 100 nm LUVs composed of pure POPG (total lipid concentration 6.5 mM) into the calorimeter cell containing the peptide solution (peptide concentration 100 μM), with 5 min waiting between injections. The experiments were performed at temperatures between 25°C and 65°C. Data were analyzed using the program NanoAnalyze provided by TA Instruments. . When needed the spectra are subtracted by the buffer and/or the water vapor spectra. From the polarized parallel (p) and perpendicular (s) ATR-FTIR spectra, one can obtain the dichroic ratio (R = Ap/As) for each absorption band, which contains the orientation information [13] .
A lipid bilayer was formed by depositing a 10 μL of a SUV solution (3 mg/mL solution of SUVs composed of DMPC/DMPG 4/1 in 100 mM NaCl) under the germanium crystal. After few minutes (~5 min) the supported lipid bilayer formed by the fusion of SUVs on the interface was washed with the buffer solution to remove excess of vesicles. At this point, the CH 2 intensities on the p and s spectra allow checking the quality of the supported bilayer (orientation and quantity of lipids). To this bilayer, aliquots of 2-10 μL of a peptide solution (1.7 mg/mL) were added and spectra were regularly recorded throughout time. Experiments were performed with a temperaturecontrolled cell stabilized at 25°C so that the lipids were kept in the fluid phase. Finally, at the end of each experiment an isotopic deuterium exchange was performed to remove the absorption bands of water and to get a more precise determination of the orientation of the amide bands of the peptide. In brief, for a single transition moment when R is close to 1, the vibration is essentially parallel to the bilayer, when the R is around 2 the vibration is at the magic angle (or has an isotropic orientation), finally if the dichroic ratio is greater than 2, the vibration is essentially perpendicular to the bilayer. N cryoprobe. The T 1 relaxation time of Hα protons was measured using an inversion-recovery block implemented at the beginning of a 2D TOCSY sequence (MLEV-17 isotropic sequence of 22 ms duration). A band-selective scheme was used [14] in order to increase the resolution in the F1 dimension and reduce the duration of experiment recording. The F1 dimension was recorded around the Hα region (spectral width of 1.2 ppm, carrier frequency at 4.2 ppm). Q3 pulses of 6 ms were used for selective inversion and refocusing of Hα protons. The solvent signal was suppressed by use of an excitation sculpting scheme prior to acquisition. The relaxation delay was 4 or 5 s. A set of 14 inversion-recovery band-selective 2D TOCSY experiments was recorded in an interleaved manner with inversionrecovery delays between 10 ms and 5 s. Experiments were processed and analyzed with NMRPipe [15] . T 1 relaxation times were calculated using the non-linear least squares fitting program CurveFit.
Molecular dynamics simulations
Two all-atom MD simulations were conducted of a membrane bilayer in the presence of either four RW9 or RL9 peptides of 850 ns length each. Setup of the membrane that consisted of 160 POPC and 40 POPG molecules was performed following published procedures [16] . Subsequently four peptides were built from published structures [11] , added on one side of the membrane such that they were close but not in direct contact with the membrane and each system was hydrated with~13,220 H 2 O molecules. This amounts to an effective composition of 20:5:1 mol:mol:mol (POPC:POPG:peptide) at the leaflet at which the peptides bind while half of the lipids are inaccessible by the peptides. Na and Cl ions were added to make system neutral overall and reach a salt concentration of 100 mM. In addition an external electric field of 0.05 V nm − 1 was applied [17] pointing from the peptides toward the membrane to account for the transmembrane potential which was shown to be important for the interaction of R9 peptides with membranes [18] . A temperature of 37°C was used. The program NAMD [19] was employed for the simulation under conditions of normal pressure (1.013 bar), using the CHARMM all-H CMAP protein force field [20, 21] with the most recent all-H C36 lipid force field yielding correct area per lipid for many lipids [22] allowing simulation with flexible surface area and therefore adaptation of the system to the penetration of the peptides. The smooth particle-mesh Ewald algorithm was used to compute the electrostatic forces [23] and the SHAKE algorithm was used to maintain rigid all bonds involving hydrogen atoms, allowing a 2 fs time step [24] . The relaxing agent Gd(DPTA-BMA) that was used in the solution NMR experiments was not included in the simulations. Therefore, to calculate paramagnetic relaxation enhancement rates we assumed that the oxygens of the waters and Gd(DPTA-BMA) (which is water soluble) are similarly localized. We selected the oxygens of all waters in a radius of 8 Å around the Hα proton under investigation and determined their distances r. Since the paramagnetic relaxation enhancement effect has a distance dependence of r − 6 [25] we calculated the sum P n i¼1 r −6 to give the relative paramagnetic relaxation enhancement rates of the individual amino acids which were then scaled to be similar to the experimental values.
Results
Surface pressure measurements and Imaging Ellipsometry
The insertion of the peptides in monolayer composed of pure DMPC or DMPC/DMPG (4/1) was studied by following the surface pressure at the air/buffer interface in a Langmuir trough using the Wilhelmy method. The studied peptides did not induce any change in the surface pressure when injected underneath a DMPC monolayer. Different behaviors were observed when the peptides were injected beneath the DMPC/DMPG monolayers. When RL9 was injected, no surface pressure variations could be observed. On the other hand, RW9 induced an increase in surface pressure when injected, showing that this peptide was able to insert into the DMPC/DMPG monolayer.
At the same time, the morphology and thickness of the interface were monitored using Imaging Ellipsometry. The monolayer thickness was evaluated to be around 13 Å in the absence of peptides. No domains could be observed when the peptides were injected beneath the pure DMPC monolayer. In the case of the mixed DMPC/DMPG monolayer, domains of different thicknesses, corresponding to different gray level intensities on the image (Fig. 1 ) appeared after several minutes. The domain morphologies were different according to the injected peptide: in the case of RW9, a limited number of domains appeared and their size was small (Fig. 1b) ; RL9 produced a small number of domains, but much bigger in size and with irregular shape (Fig. 1c) . In this case, the thickness of the domain could be evaluated around 27 Å.
ITC experiments
The binding of RL9 and RW9 to POPG LUVs is an exothermic process with the affinity of these peptides for the LUVs in the micromolar range ( Fig. 2 and Table 1 ). The stoichiometries of binding show that around six lipids are involved in the binding of one peptide. When comparing the thermodynamic parameters of the peptides at 35°C, it appears that RW9 has a slightly stronger affinity (1.4 μM) than RL9 (7 μM) and a much larger binding enthalpy. This is consistent with results we already observed, where the ΔH of binding to LUVs is dependent on the number of tryptophan residues in the peptide (unpublished data). One should note that it is quite possible that the peptides cross the lipid membrane of LUVs during the titration experiment. Indeed, other studies performed in the laboratory (manuscript submitted) show that RW9 is able to cross the membrane of LUVs composed of anionic lipids while RL9 is not. Such liposome internalization was observed for timings of peptide/lipid incubation of about 2 h, although it may take less for the peptide to internalize, thus it is plausible that RW9 will cross the membrane of PG LUVs during the ITC experiment. Additionally, if one looks at Fig. 2a , one can see that the injection peaks are not really symmetrical and present a pronounced shoulder on the right side (this is mostly absent for RL9 titration, Fig. 2b ). This indicates that another thermodynamic process other than the P/L interaction is taking place during the titration which could very well correspond to peptide crossing the membrane. Taking that in mind, the calculated thermodynamic values are affected by this phenomenon.
By following the thermodynamic parameters of the peptide-lipid interaction at different temperatures, one can determine the variation in the heat capacity (ΔCp) which provides important information regarding the major forces (electrostatic or hydrophobic) implicated in the peptide/lipid interaction [26, 27] . The binding of RL9 and RW9 to LUVs composed of pure POPG was studied by ITC at several temperatures. The results obtained at 35°C are summarized in Fig. 2a and b and in Table 1 . The values for the other studied temperatures are provided as supplementary data (Tables S1 and S2 ).
The temperature dependence of ΔH is represented in Fig. 2c . The slopes of the obtained lines give the value of ΔCp for the binding of the peptides to the vesicles. ΔCp is the sum of two terms resulting from the release of water from the hydrophilic (ΔCp hydrophilic > 0) and hydrophobic (ΔCp hydrophobic b 0) regions of the bilayer. The observed ΔCp is negative for both peptides (− 81 J mol
−71 J mol − 1 K − 1 for RW9and RL9, respectively), indicating that the dehydration of hydrophobic regions of the bilayer is occurring during the binding of these peptides to POPG LUVs.
Peptide orientation on a bilayer probed by ATR-FTIR
ATR-FTIR studies on DMPC/DMPG (4/1) bilayers were performed in an attempt to obtain peptide structure and orientation information. There was a main difficulty in IR for the detection of the Amide I band of the three peptides. Indeed, these Arg-rich peptides display two absorption bands from the guanidinium group at 1665 and 1635 cm − 1 which are stronger than the Amide I band of the peptide. Moreover, there is also an absorption band at 1675 cm − 1 coming from the trifluoroacetate counter-ion. After deuteration, the arginine bands shift to 1605 and 1580 cm − 1 but the band resulting from the trifluoroacetate still remains at the same position. Therefore, one can only affirm that the peptide structures are in equilibrium between various conformations.
Peptides orientation and insertion into micelles
The orientation of RL9 and RW9 peptides was studied by solution NMR spectroscopy in two membrane-mimicking systems, zwitterionic DPC micelles and anionic SDS micelles. The peptide position in micelles was investigated by measuring the relaxation enhancements induced by the paramagnetic agent Gd(DPTA-BMA) on longitudinal T 1 relaxation of Hα protons [28] . This paramagnetic probe is watersoluble and inert toward peptide-micelle complexes. Therefore the highest paramagnetic relaxation enhancements are expected for residues that lie closest to the surface.
The paramagnetic relaxation enhancements measured for RL9 and RW9 peptides in DPC micelles are shown in Fig. 3b . Residues in the Nand C-termini show the highest paramagnetic relaxation enhancement indicating that these flexible residues can occupy positions close to the water-micelle interface. The oscillations of paramagnetic relaxation enhancements observed throughout the peptide sequence indicate that RL9 and RW9 adopt more or less parallel orientations with respect to the micelle surface and remain in a helical structure. The Trp or Leu residues in positions 4 and 7 have very small paramagnetic relaxation enhancement and are therefore located deep in the micelle interior. Interestingly, RL9 peptide exhibits smaller paramagnetic relaxation enhancement than RW9 peptide, indicating a deeper immersion in the DPC micelle. The differences in the depth of immersion observed between the two peptides increase in SDS micelles (Fig. 3a) . Both peptides exhibit paramagnetic waves of their paramagnetic relaxation enhancement that can be explained by roughly parallel orientations. However the higher sensitivity of the C-terminal residues suggests that the peptide orientations are slightly tilted in the anionic micelle, with the N-terminal residues located deeper in the micelle.
Reorganization and change in hydration of a lipid bilayer induced by RW9 and RL9 probed by ATR-FTIR
The peptide effect on the lipid membrane organization was studied using ATR-FTIR following the absorption bands around 2920 cm − 1 , 2850 cm − 1 and 1740 cm − 1 that correspond to asymmetric and symmetric CH 2 and the ester carbonyl stretching bands respectively. The position and absorption values of these regions were measured for both the p and s polarization spectra before and after peptide addition and the Ap/As ratios were calculated. While the shifts in the absorption bands provide important information regarding the peptide perturbation on the lipid such as changes in the level of hydration giving a general idea about the peptide insertion depth, the Ap/As ratios provide information about the peptide effect on the lipid chain ordering. Regarding the CH 2 bands, both peptides changed the absolute value of the frequencies ( Table 2 ). This indicates that the peptides insert deeply enough to be able to perturb the fatty acid chain packing, RW9 had a strong effect than RL9. Regarding the Ap/As ratios, an indication of the level of ordering of the fatty acid chains, RW9 led to a strong increase in this ratio which indicates that this peptide decreases the orientation of the lipids (Table 3 ). In the case of RL9 the effect is opposite, with an increase in lipid ordering. Perturbations of the ester band frequency are indicative of peptide effects on lipid hydration. RL9 led to an increase in the frequency of this band meaning that it dehydrates this zone, which correlates well with its effect on the lipid chain ordering with expulsion of water from the interlipid area around the ester bond. In the case of RW9, the result is opposite, the peptide led to a decrease in the frequency of the ester band meaning that it promotes lipid hydration ( Table 2 ). Again this correlates well with the fact that this peptide disorders lipid fatty acid chains so they become more exposed to water.
Simulations of the insertion of RW9 and RL9 into a bilayer
MD simulations of RW9 and RL9 were conducted to further understand their interactions with the membrane on a molecular level. Two simulations were performed, one in the presence of RW9 and one in the presence of RL9 (POPC/POPG/peptide 40:10:1 mol:mol:mol). During the combined 1.7 μs of the RW9 and RL9 simulations no peptide crossed the membrane and no pore was formed.
Nevertheless the peptides exhibited an interesting membrane penetration behavior that was investigated in detail. At the beginning of the simulations formation of close contact with the membrane occurred extremely fast (less than 100 ps) although complete immersion into the membrane was much slower and very different between RW9 and RL9. For each peptide the z-component of the distance between its center of mass and the membrane center was calculated and averaged over the four peptides present in each simulation. The resulting graph was fitted with a mono-exponential function and is shown in Fig. 4 which also shows the position of the lipid glycerol backbones for reference. On average the RW9 peptides penetrated rather fast and reached a final position~14 Å away from the membrane center with a t 1 of~100 ns. In contrast, the RL9 peptides were still in the process of penetration after the full 850 ns of the simulation where they had on average reached a distance of 14 Å from the membrane center. Extrapolation with a single exponential function yielded a final distance of~12 Å with a t 1 of 580 ns. This deeper insertion of RL9 is consistent with what was observed experimentally in SDS and DPC micelles (Fig. 3a and b) .
Upon closer inspection, we noticed that the orientation of some of the peptides changed over the course of the simulation. For the starting configuration the peptides were placed close to, but not in contact with membrane where initially, they were oriented such that on average neither the hydrophobic (either Trp or Leu) nor the Arg side chains were pointing toward the membrane but sideways parallel to the membrane surface. Already during energy minimization of the system all peptides were rotating such that the Arg side chains were pointing toward the membrane indicating the importance of electrostatic interactions in the initial association of the peptides with the membrane. For most of the simulation the peptides remained in their helical starting structure and were oriented parallel to the membrane plane. However, two RW9 and two RL9 peptide molecules flipped their orientation such that the hydrophobic amino acid side chains penetrate deeper than the Arg side chains while this does not happen for the remaining two peptide molecules. These flips are associated with deeper membrane penetration of the peptide as can be seen in Fig. 5 where snapshots of these flips are presented for one RW9 and one RL9 peptide. If a peptide performed a flip it stayed in this position and did never flip back to the former orientation. We observed that the depth of the Arg side chains is relatively constant for all peptides and that many hydrogen bonds and salt bridges are formed between Arg side chains and lipid phosphate groups which makes us believe that these charged moieties provide an anchor for the peptides. In addition, bidentate hydrogen bonding between the guanidinium moieties or arginines and phosphate headgroups is known to be essential features for the peptide/membrane interactions [29] . Therefore, deeper penetration can only be achieved by the observed flip mechanism where the Arg side chains serve as a molecular hinge.
To assess if the flipped orientation is the actual equilibrium orientation we calculated paramagnetic relaxation enhancement rates for the Hα protons of all amino acids and compared them to the experimental profiles. For this we assumed that the oxygen of H 2 O is the relaxing agent since the Gd(DPTA-BMA) used in the experiment is water soluble. The calculations were averaged over all peptides and also performed for single peptides after they had flipped their orientation and the resulting paramagnetic relaxation enhancement rates are shown in Fig. 3b and c. Comparison to the experimental profiles obtained in DPC (which is a better mimic of our membrane mixture than SDS) shows a generally good agreement in all cases. All profiles show that RW9 has mostly higher rates than RL9 and amino acids at the termini have higher rates than the ones in the middle. However, important features of the experimental profiles are only observed for the peptides that flipped their orientation. In particular, the oscillation of the paramagnetic relaxation enhancement rates with local minima at positions 4 and 7 is only observed for these peptides and not present in the profiles averaged over all peptides. Therefore, from the combination of experimental and simulation results we conclude that the flipped orientation where the peptide is in a helical structure which is on average parallel to the membrane surface with the hydrophobic side chains inserted into the hydrocarbon core of the membrane and the charged Arg side chains pointing toward the lipid headgroups is the equilibrium orientation of RW9 and RL9.
It is noteworthy that in nature the flip might occur while the peptide is still unfolded or during folding as the peptides are known to be unstructured in the absence of lipids [11] . Nevertheless a flip has to occur since the initial electrostatic attraction that directs the peptides to the membranes orients them with their charged side chains toward the membrane while the final orientation was shown to be reversed.
Discussion
The results presented in this study show that RW9 and RL9 share a certain number of similar behaviors in the presence of model membranes, as well as some subtle differences. Whereas RW9 is a potent cell-penetrating peptide, RL9 is not internalized in cells. Therefore, points of resemblance could be ruled out as important features for internalization.
The role of negatively charged lipids
Imaging Ellipsometry experiments showed that both peptides form domains when injected underneath a DMPC/DMPG monolayer, such domains may be the result of the preferential interaction of the peptides with PG (and lack of interaction with PC) that would lead to a segregation of PG. It should be noted that the morphologies of these domains are different. In the case of RW9, very small domains are observed. In the case of RL9, large domains are formed and their thickness was evaluated to be around 27 which could correspond to the thickness of the lipid monolayer covered by a layer of peptide Table 2 Peptide effect on the frequency and intensity of the lipid absorption bands on a DMPC/DMPG (4/1) bilayer.
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)/A (× 10 Table 3 Peptide effect on the R ATR = Ap/As ratios of the lipid absorption bands. with an α helix structure, the structure adopted by RL9 in the presence of negatively charged lipids [11] . The results indicate that most probably, RL9 remains bound to the hydrophilic surface of the monolayer, probably forming domains with negatively charged lipids, but with no strong interactions. On the other hand, RW9 is able to insert into the monolayer, explaining why only small domains of different thicknesses can be observed. However, it has to be kept in mind that monolayers are very poor models for biological membranes. In any case, the negatively charged domains formed after addition of the peptide could serve as platforms for the later peptide/lipid interactions such as insertion and change in membrane organization reported in this study. Previous experiments showed that negatively charged lipids were essential to observe peptide/lipid binding [11] . In the present study, we showed that the ΔCp of binding of RL9 and RW9 to POPG vesicles, was negative, which means that dehydration of hydrophobic surfaces in the bilayer is occurring during peptide binding. This can be the consequence of direct hydrophobic interactions between the peptide and the lipids, and/or stronger hydrophobic interactions, induced by the peptide, between the lipids composing the bilayer [30] . It was not surprising to observe these hydrophobic contributions for the binding of RW9, knowing the ability of this peptide to interact with the hydrophobic parts of lipid bilayers or monolayers. In the case of RL9 such contributions could also arise from peptide/lipid interactions as well as from stronger lipid/lipid interactions induced by the peptide as ATR-FTIR results indicate.
Regarding the stoichiometries of binding determined by ITC, they show that about six lipids would be involved in the binding of one peptide. However, these values were determined using the total lipid concentration (inner and outer leaflets of the LUVs). As it is unlikely that the peptides cross the membrane during the experiment, the peptides only "see" half of the lipids, which mean that only three lipids are bound to a single peptide. Incomplete ion pairing at the membrane was already suggested for arginine-rich peptides [31] .
A deep insertion into the membrane is not a favorable parameter for peptide translocation
Solution NMR experiments and MD simulations both show that RW9 and RL9 insert into model membranes. These results are contradictory to those obtained by surface pressure measurements and Imaging Ellipsometry that show that only RW9 is able to insert into the lipid. This can be explained by different model systems used in the studies: monolayer vs bilayer. The difference arises from the differences in polarizability of a mono when compared to a bilayer, while in a monolayer the dipole field may inhibit the highly positively charged peptide from penetrating in the case of a bilayer (whose monolayer dipole fields compensate each other) there is no unfavorable polarizability. One should notice that both BAM and ellipsometry results are in good agreement as they both use monolayers. Both experiment and simulation point out that RL9 is actually inserted deeper into the model membrane than RW9. This is indeed expected based on hydrophobicity scales, when RL9 and RW9 were designed, it was expected that the Leu residues, being more hydrophobic, might promote better penetration. The deeper membrane penetration of RL9 does not translate in better internalization, as RL9 is not internalized whereas RW9 is. A similar behavior was already observed in a comparative study between different homeodomainderived CPPs [32] . It appeared that the CPP with the highest penetrating ability was also the one which had the most superficial position in SDS micelles. Therefore, deep insertion into the membrane is not favorable for internalization. Deep insertion could for instance, impair more superficial interactions that could trigger direct translocation, as was recently suggested [33] . Regarding Trp residues, it is now clear that they have a decisive role in cell penetration, but whether this is due to its interfacial properties or other properties is yet unclear.
No pore formation is observed during the simulation
The fact that no pore formation was observed and not even a single peptide crossed the membrane was somewhat surprising at first since membrane crossing and pore formation was previously reported for R9 (RRRRRRRRR) on much shorter timescales (~100 ns) [18] . The latter study also described initial events such as an Arg crossing the membrane, which also were not observed in our simulations. However, distinct differences exist between their and our simulations as in the R9 simulation the temperature was 50°C (we used 37°C), all lipids were neutral and also unsaturated in the sn-1 chain. In addition the peptide/lipid ratio was more than twice as high as in our simulations. Therefore, besides differences in the properties of R9 and RW9/RL9 three further possible explanations for the different behaviors could be put forward. First, membrane destabilization (e.g. higher temperature or higher unsaturation of the lipids) most likely enhances the effectiveness of Arg-rich peptides. Second, clustering of peptides or other cooperative effects facilitated by higher peptide concentrations may play a role although considerable direct interaction between peptides was not reported for the R9 simulation [18] . Third, the charged lipid headgroups in our simulations provide an attractive force for the charged amino acids of the peptides which should therefore be more strongly associated with the membrane leaflet they are embedded in effectively reducing the probability of membrane crossing. In particular salt bridges were reported to stably anchor positively charged amino acid side chains to lipid phosphate groups via salt bridges [34] which is also observed in our simulations. One should further consider that under more physiological conditions the kinetics of CPP translocation through the membrane has been reported to be extremely slow, within several minutes (depending on the experimental conditions), very far from the time allowed for the simulation [35] . Since RW9 and RL9 contrarily to antimicrobial peptides also do not significantly perturb the membrane integrity [11, 36] the intrinsic stability of the membrane probably has a large impact on the peptide translocation probability. In addition, on current computers the size of the membrane patch is limited such that larger membrane perturbations e.g. invagination cannot be observed [37] .
RL9 and RW9 have different effects on membrane organization
ATR-FTIR results show that the two studied peptides influence differently the organization of the bilayer. The shifts of the ester bands indicate that RW9 induces an increase of the hydration of the bilayer in this region whereas the opposite effect is observed with RL9. In the case of the methylene bands, their shifts in position indicate that RW9 renders the bilayer more fluid and RL9 more rigid. The distinct effects of these peptides on lipid ordering correlate well with the way they affect the lipid phase transition temperature (decrease or increase in the phase transition temperature that is related to a fluidification or rigidification of the membrane, respectively) observed by differential scanning calorimetry [11] .
Conclusions
The very different cell internalization efficacies of RL9 and RW9 led us to analyze the properties regarding their lipid membrane interaction that would be responsible for such different behaviors. Different aspects regarding the peptide/lipid interactions were investigated: the peptide structure and affinity for lipids and their orientation, the effects of the peptide on the lipid organization. In a previous study we determined that the peptide structure in the presence of membrane model systems DPC and SDS is mainly helical with the residues in the N-and C-terminal being more random [11] . Aside from the fact that strong π-cation interactions were observed for RW9 between the lipid headgroup and the Trp side chains, that would facilitate the insertion of arginyl residues in the membrane, no drastic differences were observed regarding the peptide structuration upon lipid interaction [11] . RL9 and RW9 orient parallel to the membrane. Both peptides possess considerable affinity for anionic lipids, the affinity being just slightly higher for RW9 than RL9 with the interactions being mainly ruled by hydrophobic contributions in both cases. Such results are not surprising since both peptides are able to accumulate in the cell membrane similarly, even if only RW9 is able to internalize [11] .
It is at the level of the peptide effect on the lipid organization that the differences between the two peptides appear. One should keep in mind that the action mode of CPPs is quite different from that observed for other membrane active peptides, such as antimicrobial, which exerts their effect by the formation of pores or detergentactivity. Therefore, in the case of CPPs, their effect on membrane organization is of a considerable lower level and so to understand the differences in bioactivity of different CPPs becomes quite challenging. Previous studies on the effect of the peptides on lipid phase transitions evidenced a stronger fluidification effect of RW9 than RL9 on the lipid fatty acid chain [11] . Present studies show that their effect on lipid packing is also quite different as RW9 decreases lipid chain ordering and promotes lipid hydration while RL9 increases chain ordering and leads to lipid dehydration. This disordering effect of RW9 on the lipids may play an important role in rendering the lipids more prone to adopt different supramolecular organizations that would facilitate peptide passage. Several studies have pointed at the importance in peptide structural conformational changes upon lipid interaction as a way to induce the perturbation of the membrane structure and to facilitate membrane translocation [38] [39] [40] . In that sense, a more fluid lipid bilayer should facilitate such structural changes. Present studies show that RL9 inserts deeper than RW9 in the membrane. A priori, one could think that a peptide that crosses the membrane should insert deeper, this is not the case here. Possibly, this deeper insertion of RL9 results in peptide trapping in the membrane. The peptide is retained close to the membrane core region and since the peptide tends to increase lipid ordering around it, a membrane reorganization leading to peptide passage across the membrane would be energetically extremely costly for it to occur. Additionally the difference in the kinetics of peptide insertion is quite dramatic, being much faster for RW9.
The different cell uptake properties of the two peptides may, at least in part, arise from these subtle differences in peptide-induced lipid reorganization. The present work also further elucidates how these peptides insert into the lipid membrane. It reinforces the idea that electrostatic contacts and hydrogen bonding between the Argresidues and the lipid headgroups are important for the peptide/ membrane interactions. In the initial events of this interaction, a flip of the peptide structure occurs in which the Arg-residues serve as a hinge allowing the hydrophobic residues to insert deeper in the membrane. This structure represents a relatively stable equilibrium conformation. Further steps in the peptide translocation process might include an Arg side chain crossing the membrane followed by formation of a water pore as reported in previous simulations [18] . However, under the conditions used in these simulations the membrane is extremely flexible and less stable than in our simulations such that under physiological conditions other processes of peptide translocation might also play a significant role.
